To date, single-molecule RNA science has been developed almost exclusively around the effect of metal ions as folding promoters and stabilizers of the RNA structure. Here, we introduce a novel strategy that combines single-molecule Fö rster resonance energy transfer (FRET) and chemical denaturation to observe and manipulate RNA dynamics. We demonstrate that the competing interplay between metal ions and denaturant agents provides a platform to extract information that otherwise will remain hidden with current methods. Using the adenine-sensing riboswitch aptamer as a model, we provide strong evidence for a rate-limiting folding step of the aptamer domain being modulated through ligand binding, a feature that is important for regulation of the controlled gene. In the absence of ligand, the rate-determining step is dominated by the formation of long-range key tertiary contacts between peripheral stem-loop elements. In contrast, when the adenine ligand interacts with partially folded messenger RNAs, the aptamer requires specifically bound Mg 2+ ions, as those observed in the crystal structure, to progress further towards the native form. Moreover, despite that the ligand-free and ligand-bound states are indistinguishable by FRET, their different stability against urea-induced denaturation allowed us to discriminate them, even when they coexist within a single FRET trajectory; a feature not accessible by existing methods.
ABSTRACT
To date, single-molecule RNA science has been developed almost exclusively around the effect of metal ions as folding promoters and stabilizers of the RNA structure. Here, we introduce a novel strategy that combines single-molecule Fö rster resonance energy transfer (FRET) and chemical denaturation to observe and manipulate RNA dynamics. We demonstrate that the competing interplay between metal ions and denaturant agents provides a platform to extract information that otherwise will remain hidden with current methods. Using the adenine-sensing riboswitch aptamer as a model, we provide strong evidence for a rate-limiting folding step of the aptamer domain being modulated through ligand binding, a feature that is important for regulation of the controlled gene. In the absence of ligand, the rate-determining step is dominated by the formation of long-range key tertiary contacts between peripheral stem-loop elements. In contrast, when the adenine ligand interacts with partially folded messenger RNAs, the aptamer requires specifically bound Mg 2+ ions, as those observed in the crystal structure, to progress further towards the native form. Moreover, despite that the ligand-free and ligand-bound states are indistinguishable by FRET, their different stability against urea-induced denaturation allowed us to discriminate them, even when they coexist within a single FRET trajectory; a feature not accessible by existing methods.
INTRODUCTION
The application of single molecule techniques to investigate the structure and folding of biomolecules including nucleic acids and proteins has revolutionized our understanding of their biological function (1, 2) . Interestingly, singlemolecule fluorescence-based studies of RNA and protein dynamics have been developed following two different approaches. For proteins, single-molecule studies have predominantly used denaturant agents such as urea and guanidium chloride to reveal the unfolding mechanism and the rate-limiting steps for several proteins (3, 4) . In contrast, single-molecule studies of RNA dynamics have almost exclusively focused on the effect of metal ions in the RNA secondary and tertiary structure (5, 6) ; although denaturing agents have already been applied to a number of RNA molecules in ensemble-averaging studies (7, 8) , no equivalent approach has been reported at single-molecule level.
Metabolite-sensing cis-acting RNA elements, so-called riboswitches, are attracting increasing interest, not only because of their growing functional importance in bacterial gene regulation (9-13) but also because they constitute evolutionary optimized model systems to understand the intrinsic plasticity and functional diversity of RNA (9, 14) . Riboswitches often undergo complex conformational changes induced either by Mg 2+ ions, ligand-binding or both; therefore, understanding the dynamic nature of these RNAs has become a key to understand their regulatory function (15) . Among these RNA structures, the adenine riboswitch has become a paradigm for the study of RNA-ligand interactions, and it has been the subject of extensive investigations by us and others at ensemble (16) (17) (18) (19) (20) (21) ) and single-molecule molecule level (22) (23) (24) (25) . In the present work, we have used the sensing domain of the adenine riboswitch as a model system to demonstrate that the combination of single-molecule Fo¨rster resonance energy transfer (FRET), and chemical denaturation provides a more powerful platform to investigate RNA dynamics and extract information that otherwise will remain hidden with current single-molecule methods.
Riboswitches are typically positioned within the 5 0 -untranslated region of messenger RNA (mRNA) and control the expression of genes downstream of the mRNA sequence as well as at more remote locations (9, 10, 12, 13, 26) . They are typically composed of two domains: a highly conserved metabolite-sensor, the aptamer domain, and the expression platform (10, 12, 15) (Figure 1a ).
The secondary structure of the expression platform, which can adopt two mutually exclusive conformations depending on metabolite binding to the aptamer domain, determines the outcome of the regulation process (9) (10) (11) (12) (13) (14) (15) (Figure 1a) . A typical example of how the interplay between local and remote tertiary contacts is harnessed by the aptamer domain to generate a ligand-binding competent structure is exemplified by the adenine and guanine-sensing riboswitches (27) (28) (29) (30) (31) . In both, the architecture of the aptamer domain is organized around a three-way junction (32) , with three stem helices connected by a stretch of single-stranded nucleotides. The X-ray crystal structures available for purine riboswitches in the bound state have shown that the ligand is completely buried inside the RNA-binding pocket (26, 33, 34) (Figure 1b) . We, and others, have shown that in the absence of the adenine ligand, Mg 2+ ions are sufficient to promote the interaction between the P2 and P3 stem loops in the adenine riboswitch (16, 17, 22) (Figure 1b) . This leads to an mRNA structure that is peripherally pre-organized, in a similar way to the bound-state, but with the ligand-binding pocket largely disordered (17) (18) (19) (20) (21) (22) . It has also been shown by chemical probing (16, (35) (36) (37) , nuclear magnetic resonance spectra (18, 29, 38, 39) and thermodynamic measurements (19) that ligand binding induces a transition from this disordered 'open' state to a locally organized conformation. These results have led to the notion of ligand binding via an 'induced fit' mechanism (15, 19, 21, 27, 38, 39) , where the entropic cost associated to restructuring the aptamer core to accommodate the ligand is balanced by maximizing its interactions with the mRNA.
In previous studies of the add riboswitch aptamer from Vibrio vulnificus and related variants (16, 17, 22, 40) , we have shown that FRET between Cy3 and Cy5 dyes located in the loops of the P2 and P3 stems (Figure 1b) can be used to monitor the dynamics of the loop-loop interaction at the level of single-molecules. Herein, we set out to understand in further detail the dynamics and stability of the free and bound states of the add riboswitch aptamer using a single-molecule chemical denaturation approach. Although chemical denaturation is commonly used in single-molecule FRET (sm-FRET) studies of proteins (41, 42) to explore their folding landscape and detect rare folding intermediates, a systematic study combining sm-FRET and chemical denaturation has never been reported for RNA or RNA-ligand complexes. On the other hand, several studies using a variety of ensemble techniques have already demonstrated how the effect of chemical-induced denaturation on large RNAs can be used to characterize the presence of kinetic traps and to provide evidence regarding the nature of the ratelimiting folding step (43) (44) (45) (46) (47) (48) . For instance, the folding of the P3-P7 catalytic domain of the Tetrahymena ribozyme (46) and the Bacillus subtilis RNase P (47) were both accelerated by the addition of urea, suggesting the presence of a kinetic trap along the folding pathway of these RNA structures. Understanding the nature of the rate-limiting step is even more relevant in metabolitesensing mRNAs where the rate-limiting step might be altered by interaction of the ligand with the aptamer domain at early stages of the folding process. It is also known that the impact of Mg 2+ ions on the relative effect of urea can be used to characterize the nature of the rate-limiting folding step (44) .
In this work, single-molecule analysis of aptamer dynamics in presence of urea as denaturant agent revealed a 50-fold decrease in the P2-P3 undocking rate of the ligand-bound state compared with the ligand-free form, in excellent agreement with values extracted from force-based mechanical unfolding (23, 24) . We further demonstrate that this 50-fold difference in the urea-induced unfolding rate results from unfolding events taking place from the ligand-free and ligand-bound aptamers, differing in their stability against urea denaturation. The possibility of discriminating between ligand-free and ligand-bound states purely from their dynamic properties, with no need for a conformational change between them that leads to distinctive FRET states, is a new finding afforded by the combination of sm-FRET and chemical denaturation. Lastly, we observed that while the docking rates of both, ligand-free and ligand-bound aptamers, are reduced by urea, only for the ligand-bound aptamer, the docking rate was found to strongly depend on Mg 2+ ions. We demonstrate that these results are consistent with ligand-binding altering the rate-limiting step for tertiary folding, a feature that may be shared by other mRNA regulatory complexes. In summary, the methodology established in this work provides a novel single-molecule approach to study the dynamics of RNA and RNA-ligand complexes that will enable further investigations into how ligand sensing shapes the response of regulatory mRNAs.
MATERIALS AND METHODS

Labelling and purification of RNA oligonucleotides
Amino-modified oligonucleotides were purchased from Integrated DNA Technologies (IDT Inc.) and labelled using succinimidyl ester derivatives of Cy3 and Cy5 fluorophores following the protocol provided by the manufacturer (Invitrogen). A detailed description including nucleotide sequences is provided in the Supplementary Material. Labelled RNA strands were purified using 20% polyacrylamide gel electrophoresis containing 7 M urea and electro-eluted into 8 M ammonium acetate followed by ethanol precipitation.
Preparation of dual labelled aptamer molecules
Dual-labelled RNA aptamer molecules were prepared by T4 RNA ligation of two strands, one of them carrying the biotin and Cy3 modifications and the other carrying the Cy5 FRET acceptor. The add aptamer domain was assembled from oligonucleotides of the following sequences (all written in the 5 0 -3 0 direction): 5 0 STRAND: biotin-CGCCGAGCGUUGUAUAAUCCUAAUGAU AUGGUUUGGGAGU; 3 0 STRAND: UUCUACCAA GAGCCUUAAACUCUUGAUUACAAACGCUCGC GC. The RNA strands were purchased from Integrated DNA Technologies Inc. with amino-modifications at the underlined positions shown in the sequences. Succinimide ester derivatives of Cy3 and Cy5 were incorporated at the specified positions followings manufacturer's protocol.
Fluorescently labelled oligonucleotides were purified as described previously (22) . Purified RNA strands were annealed by heating a 1:1 mixture to 80 C in 10 mM HEPES (pH 8.0), 50 mM NaCl and slow cooling to room temperature. T4 RNA ligase (New England Biolabs) was then added to the reaction, and the sample was incubated at 37 C for 4 h. Full-length ligated RNA molecules were purified by gel electrophoresis, electroeluted and ethanol precipitated.
RNA transcription
RNA transcribed from a double-strand DNA template using T7 RNA polymerase was purified by denaturing polyacrylamide gel electrophoresis and recovered by electroelution in 8 M ammonium acetate followed by ethanol precipitation. The template for the aptamer was made from DNA oligonucleotides containing the aptamer and the T7 DNA promoter sequence. They were incubated in a 20 mM mixture containing 10 mM Tris-HCl buffer, 10 mM MgCl 2 and 50 mM KCl. This was then denatured by heating at 95 C for 1 min and allowed to cool down to 37 C.
2-aminopurine fluorescence binding assay
Fluorescence intensity was recorded in a Varian Cary fluorimeter. All data were collected at 20 C in 50 mM Tris-HCl buffer (pH 8.0) and 50 mM NaCl. 2-aminopurine (2AP) was excited at 300 nm, and fluorescence spectra was recorded from 310 to 450 nm. The binding affinity was obtained by monitoring the increase in fluorescence of a fixed concentration of 2AP on addition of increasing concentrations of unlabelled RNA aptamer. If the total concentration of RNA is in excess with respect to the 2AP and the stoichiometry of the RNA-ligand complex is 1:1 as suggested by the X-ray crystal structures of ligand-bound adenine complexes, the binding affinity can be described by the equation:
where ÁF is the change in fluorescence intensity, F is the fluorescence intensity in the absence of added RNA and K D is the apparent dissociation constant. The parameter a is a dimensionless constant that represents the ratio of fluorescence quantum yield of 2AP free in solution and bound to the RNA aptamer.
Circular dichroism
Circular dichroism (CD) spectra were recorded at room temperature with a Jasco J-810 spectropolarimeter using quartz cells with a path length of 0.1 cm at an RNA concentration of 12 mM. Data were collected from 215 to 320 nm at 1 nm steps, average over four scans and smoothed for presentation.
sm-FRET
Single-molecule donor and acceptor intensity traces were acquired from single adenine aptamer molecules using a prism-based total-internal reflection microscope equipped with a 532 nm CW laser (Crystalaser, USA) and a back-illuminated EMCCD camera (Ixon, Andor Technology, UK) mounted on an inverted microscope (Olympus IX71). Microscope slides were treated with biotinylated BSA (1 mg/ml) and neutravidin (0.2 mg/ml), and 20-200 pM dual-labelled aptamer molecules carrying a biotin group at the 5 0 -end were added to the slide. The imaging buffer contained 50 mM Tris-HCl (pH 8.0), 50 mM NaCl, 6% glucose (w/w), 0.02 mg/ml glucose catalase (Roche), 0.1 mg/ml glucose oxidase (Sigma), 1% 2-mercaptoethanol and the specified concentrations of MgCl 2 and urea. In all, 5 M urea stocks containing 6% glucose were prepared and kept in the dark. Concentrations of urea above 5 M induce a significant change in the refraction index that introduces distortions in the evanescence wave generated at the quartz-water interface. Because of this, we kept all urea concentrations at a 5 M upper limit. All measurements were performed at room temperature (20 C) using integration times of 50 and 200 ms depending on the sample dynamics. Details of the single-molecule analysis have been previously described (22) .
RESULTS
Single-molecule chemical denaturation of regulatory mRNA aptamers
We previously reported that the formation of the looploop interaction of the adenine aptamer can be monitored using sm-FRET. For this, aptamer molecules labelled with a Cy3/Cy5 pair were immobilized on a quartz-slide via biotin-streptavidin interactions and subjected to experimental conditions (17, 22, 40) . For reference, sm-FRET histograms obtained for the undocked and docked (with and without ligand) states, at conditions similar to those used previously to investigate the looploop interaction, have been included in the Supplementary section (Supplementary Figure S1 ). In the current work, we used a similar approach to investigate the ability of the add aptamer to undergo successive cycles of urea-based denaturation and Mg ions, where we demonstrated that the adenine aptamer adopts a Y-shape undocked state lacking the loop-loop interaction (UD) (22) . To investigate whether the same immobilized molecules could be refolded, we next removed urea by injecting a solution containing only folding buffer. Under these conditions, the single-molecule histogram now exhibits an E app $0.9 ( Figure 2 , panel 3), thus confirming that urea-induced denaturation is reversible and that it can be detected at the single-molecule level.
To confirm that under our experimental conditions, urea-induced denaturation of the adenine aptamer is restricted to its tertiary structure, we performed CD spectroscopy. In the absence of urea, the docked state of the adenine aptamer obtained at 4 mM Mg 2+ showed a large positive ellipticity with a maximum at 265 nm that decreased slightly ($10%) on addition of 5 M urea. Small variations in this band have been observed for other three-way RNA junctions (49) as a function of metal ions and have been taken as evidence for tertiary folding/unfolding processes. Importantly, the CD spectra registered in the absence of metal ions, which can be assigned to the undocked tertiary structure, is very similar to that obtained at 5 M urea in a background of 4 mM Mg 2+ (Supplementary Figure S2) . This suggests that the RNA exhibits a very similar tertiary structure under both experimental conditions. In contrast, the CD spectra obtained at 7 M urea in the absence of metal ions showed a very significant decrease in the intensity at 265 nm ($57%) and a concomitant shift to a slightly higher wavelength ($5 nm) (Supplementary Figure S2) . These variations in the CD spectra are characteristic of large-scale disruptions in base stacking and have been interpreted as indicative of secondary structure denaturation of the RNA (49, 50) . In fact, the CD spectra obtained for the adenine aptamer at 7 M urea agrees remarkably well with those reported under heat-induced and colddenaturing conditions for the hammerhead ribozyme (51), a structurally related three-way RNA junction. From this data, we concluded that the secondary structure of the adenine aptamer is maintained under the experimental conditions used to promote urea-induced undocking. Notably, no change in the density of immobilized aptamers was observed at high urea, suggesting no significant disruption of the neutravidin-biotin interactions used for RNA immobilization. This is in agreement with the observed stability of the neutravidin tetramer, both in the apo-and biotin-bound forms, even at denaturant concentrations above 6 M urea (52) .
Urea-induced undocking of ligand-free aptamers
From a regulatory perspective, ligand-free and ligandbound states of metabolite-sensing mRNAs are equally important, as each of them is responsible for one of the two possible outcomes of the gene regulation process (9) (10) (11) (12) 15) . Given that P2-P3 loop-loop interaction has previously been reported to be crucial for riboswitch function (17, 18, 22) , we started our analysis by exploring the effect that chemical denaturation has on the P2-P3 loop dynamics and equilibrium populations of the unliganded state. To ensure that RNA aptamers are in the docked state before the addition of urea, we carried out our assays at a fixed 4 mM concentration of Mg 2+ ions. On increasing the denaturant concentration, we observed a progressive decrease in the relative contribution of the docked state D (E app $0.9) and a concomitant increase in the contribution of a Gaussian peak at a lower FRET (Figure 3a) . This low-FRET state gradually shifts from an E app $0.45 without urea to an E app $0.25 at 5 M urea, the latter corresponding to the undocked state UD. We previously observed a similar shift from E app $0.25 to -induced folding pathway (22) , and we found that docking of the P2-P3 stems takes place via an intermediate structure characterized by an E app $0.5. Remarkably, the shift in the low-FRET peak observed with urea is identical to that taking place during Mg 2+ -induced docking. This suggests that urea promotes an undocking pathway very similar to the folding landscape of the add aptamer in Mg 2+ ions. As the urea concentration is increased, transitions between the D and UD states become more frequent with the aptamer progressively remaining in the UD state for longer periods (Figure 3b) . Above 3.5 M urea, the aptamer is almost exclusively in the undocked state with occasional short transitions to the docked conformation. From these trajectories, we obtained the single-molecule dwell time histograms for the UD and D states at each urea concentration (Figure 3c ). It is clear that urea has an opposite effect on docking and undocking rates, progressively slowing down the docking process whilst strongly accelerating undocking. However, the degree of dynamic heterogeneity remained comparable with that obtained in the absence of urea (<10-fold) and constant across the entire range of urea concentrations, thus ruling out the presence of urea as a source of dynamic heterogeneity in the ligand-free state (Supplementary Figure S3) . We fitted the single-molecule dwell-time histograms to single exponential decay functions to extract the docking (k dock ) and undocking (k undock ) rates (Figure 3d , Supplementary (Figure 3d ). These findings suggest that the interaction between urea and the ligand-free mRNA aptamer reduces its docking equilibrium, and that this effect results from a substantial increase of k undock accompanied by a moderate decrease in k dock .
Rate-limiting step for ligand-free docking
To investigate the precise nature of the rate-limiting step for docking of the ligand-free aptamer, we investigated the relative effect of urea across a 40-fold variation in the concentration of Mg (Figure 4c ). Urea-induced deceleration of the docking rate was also reported for the two-way hairpin ribozyme (48) , which shows a docking rate (2.5 s À1 ) similar to that of the ligand-free adenine aptamer (0.8 s
À1
) at saturating concentrations of Mg 2+ ions. For k undock , the effect of 2 M urea was slightly higher at 0.1 mM Mg 2+ than at 2 mM Mg 2+ , increasing by 3-and 2-fold, respectively (Figure 4d ). The fact that the relative magnitude of urea-induced deceleration observed for k dock is practically constant across all Mg 2+ concentrations explored (Figure 4c and Supplementary Figure S6 ) strongly supports a trap-free conformational search mechanism as the rate-limiting step in the docking pathway of the ligand-free aptamer as discussed later in more detail.
RNA-ligand interactions stabilize the bound state against urea-induced undocking
Ligand-induced stabilization of the aptamer domain is at the heart of the gene-regulation process. In this context, we reasoned that urea acting as a driving force to disrupt the mRNA-ligand complex could provide valuable insights into the relative stability of ligand-free and ligand-bound aptamers. To evaluate this, we performed a sm-FRET investigation of the adenine aptamer in the presence of adenine ligand (100 mM) at increasing concentrations of urea (Figure 5a ). We observed a progressive increase in the relative population of the UD state reaching a value of 64% at 5 M urea (Figure 5a ). This value is considerably lower than in the absence of ligand, where a similar concentration of urea promoted an almost complete shift towards the UD state ( Figure  3a) . These results indicate that the formation of the RNA-ligand complex strongly protects the docked state from urea-induced undocking. The sm-FRET trajectories showed a higher frequency of fluctuations between the D and UD states, as the concentration of urea was increased (Figure 5b ) with the dwell times of the docked state at 5 M urea being more than order of magnitude longer than in the absence of ligand (Figure 3b ). Although 100 mM concentration of adenine ligand provides a suitable dynamic range to analyse the competing effects of ligand and denaturant on the stability of the D state, the fact that 64% of aptamers remained undocked (Figure 5a , top panel) clearly indicates that 100 mM is not enough ligand concentration to completely counteract the undocking effect of 
Dynamics-based sorting of ligand-free and ligand-bound states
To investigate further the observed dynamic heterogeneity described earlier in the text, single aptamers were titrated with increasing amounts of ligand at constant concentrations of 4 M urea and 4 mM Mg 2+ ions. The relative population of UD progress sively decreased from $80% in the absence of ligand to $55% at 100 mM ligand concentration (Figure 6a ). The sm-FRET trajectories displayed clear transitions between both states, and their relative dwell times exhibited a strong dependence on ligand concentration ( Figure 6b ). As the concentration of adenine increased, we observed a progressive switch from relatively short-lived D states (<2 s) to D states lasting $10-20 s. To quantify the observed switching behaviour, we generated two-dimensional contour plots of the average residence times of single aptamer molecules in each state (D and UD) as a function of ligand concentration (Figure 6c ). In the absence of ligand, the average residence time in both states displayed very little dynamic heterogeneity (Figure 6c, panel A) . In contrast , as the concentration of ligand increased, the average residence time in the D state progressively shifted to longer values (Figure 6c, panels B-D) , spanning more than two orders of magnitude at 100 mM ligand concentration. To evaluate k undock as a function of ligand concentration, we calculated the dwell-time histograms for the D state (Figure 6d, panels A-D) . With ligand added, they exhibited a bi-exponential decay (Figure 6d, panels B-D) . The fast component showed an identical rate to that obtained in the absence of ligand ($1.2 ± 0.01 s À1 ) (Figure 6d, panel A) , whereas the slow component exhibited a value that was $10-fold slower ($0.14 ± 0.01 s À1 ). Therefore, the fast and the slow components of the biexponential decay must correspond to undocking events taking place from the ligand-free (D LF ) and the ligand-bound state (D LB ), respectively. This assignation is further supported by the change in the associated pre-exponential factors as a function of ligand concentration (Supplementary Table S5) .
Ligand-induced 'locking' of the aptamer domain in its bound state is intrinsic to the gene regulation mechanism of many mRNAs (12, 15, 26) . Thus, the dynamics-based differentiation of ligand-free and ligand-bound states developed here has the potential to characterize the functional dynamics in a variety of regulatory complexes without the requirement for a structural change associated to ligand binding. Here, we have used this property to quantify the ligand-induced stabilization of the docked state. For this, we required conditions where the D LB state is substantially populated, and at the same time, there is enough concentration of denaturant agent to significantly induce undocking events. A 2D average dwell-time contour plot generated at 5 M urea and 500 mM ligand showed two well-defined classes of undocking rates with average values differing more than 10-fold (Figure 6e) . Moreover, the majority of the molecules showed long-lived residence times in the docked state characteristic of the ligand-bound state, thus confirming the D LB !UD route as the predominant undocking pathway (Figure 6d) . Single-molecule dwell-time histograms displayed an initial fast component followed by a very slow decay with fractional contributions of 0.16 ± 0.04 and 0.84 ± 0.01, respectively ( Figure 6f ). As before, we assigned the minor component to urea-induced D LF undocking with a decay rate (2.1 ± 0.1 s À1 ) that is in perfect agreement with that obtained in the absence of ligand (1.94 ± 0.01 s À1 ) (Figure 3c) . By comparing the relative magnitude of the undocking rates, with (0.045 ± 0.003 s À1 ) and without ligand (2.1 ± 0.1 s À1 ) (Figure 6g ), we estimated a $50-fold stabilization of the D LB versus the D LF state. This is in very good agreement with the two orders of magnitude stabilization recently observed using optical tweezers (25) .
Ligand binding alters the rate-limiting step for docking
It has been shown that ligand binding can take place at sub-saturating concentrations of divalent metal ions, where loop-loop tertiary interactions are only transiently formed (17) (18) (19) . In this context, it is interesting to investigate whether ligand binding at an early stage of the folding process may alter the rate-limiting step for docking. To address this, we have performed a comparative analysis of the effect of urea on the docking rates as a function of Mg 2+ and ligand concentration. At concentrations of Mg 2+ ions below saturation (100 mM) and in the presence of 100 mM concentration of adenine ligand, the sm-FRET histogram (Figure 7a (Figure 7b , right panels). This $2-fold reduction in the docking rate constant is almost identical to that obtained in the absence of adenine ligand (Supplementary Table S1 and Supplementary Figure S9 ). In contrast, at 100 mM concentration of Mg 2+ ions, k dock changed by $8-fold from 0.49 ± 0.02 s À1 with no urea to 0.061 ± 0.003 s À1 at 2 M urea (Figure 7b, left panels) . The effect of urea in k dock deceleration in the presence of ligand was further confirmed by the 2D contour plots generated at similar experimental conditions (Supplementary Figure S10) . Because it is known that ligand binding moderately accelerates docking (16) (17) (18) (19) 53, 54) and to determine whether a significant urea-induced change in ligand binding affinity could account for the observed decrease in k dock , we calculated the dissociation constant in the absence and presence of 2 M urea using a 2AP fluorescence assay in which 2AP replaced the adenine ligand to report the formation of the aptamer-ligand complex (22) .The normalized variation in 2AP fluorescence intensity was fitted to a simple two-state binding model with no cooperativity, and dissociation constants of 4.1 ± 0.5 mM in the absence of urea and 10 ± 2 mM in the presence of 2 M concentration of urea were obtained (Figure 7c ). This relatively small variation ($2.5-fold) in ligand binding affinity induced by urea clearly indicates that the observed decrease in k dock is not, at least entirely, caused by the disruption of ligand binding by competing urea.
To get further insights into the observed role of ligand binding modulating the docking dynamics at subsaturating Mg 2+ concentrations, we investigated the relative changes in k dock as a function of ligand concentration (Supplementary Figure S11) . At 100 mM concentration of Mg 2+ ions and in the absence of urea, increasing the ligand concentration induced a $2-fold acceleration of the docking rate (Figure 7d ). This effect is in agreement with previous studies of the docking process (22) and confirms that the ligand can act as a folding enhancer by interacting with open loop-loop conformations of the aptamer domain and subsequently driving the aptamer towards the native state. In the presence of 2 M urea, the dependence of k dock with the concentration of adenine is remarkably different. As the ligand concentration was progressively increased, k dock changed from $0.15 ± 0.01 s Table S6 ). This represents a relative decrease in k dock , with respect to the values obtained in the absence of urea of $1.6-and $8.5-fold, respectively. Thus, in the presence of ligand, a urea-induced deceleration of the docking rate being significantly more pronounced at sub-saturating Mg 2+ ions, whilst having a moderate effect at high Mg 2+ concentrations, is consistent with a rate-limiting step that requires the consolidation of the RNA structure around one or more specific metal ion binding sites (44) , as those observed in the crystal structure of the adenine aptamer (20) .
DISCUSSION
We have used a combination of sm-FRET and ureainduced tertiary denaturation to compare the loop-loop docking dynamics and the relative stability of the free and ligand-bound forms of the add riboswitch sensing domain.
Our single-molecule denaturation experiments reveal two distinct effects induced by ligand binding. First, higher concentrations of urea are required in the presence of ligand to induce a similar shift in the relative equilibrium populations of the docked (D) and undocked (UD) states to that observed for the ligand-free form (Figures 3a  and 5a ). Second, increasing the ligand concentration at constant urea induces a pronounced increase in the degree of dynamic heterogeneity associated to the undocking process ( Figure 5 and 6 ). The observed dependence of both effects with the concentration of adenine ligand clearly indicates that they are caused by the formation of the aptamer-ligand complex and the subsequent protection of the ligand-bound state against denaturation. Remarkably, the biexponential decay obtained for the urea-induced undocking process in the presence of adenine ligand (Figure 6d) demonstrates, for the first time, the potential of single-molecule chemical denaturation to distinguish, within the same mRNA, coexisting undocking events taking place from the ligand-free (D LF ) and the ligand-bound (D LB ) states. Here, we used this difference in k undock to determine a $50-fold stabilization of D LB relative to D LF owing to ligand binding (Figure 5g ).We hypothesize that discriminating between D LB and D LF states using their different stability and undocking dynamics against urea denaturation might become particularly useful when investigating other artificial and naturally occurring RNA-ligand complexes for which ligand binding does not induce additional changes in inter-dye distance. SAM-I (55), SAM-II (56), aminoglycoside-binding riboswitches (57) and the glms ribozyme (58) are some recent examples of such mRNA complexes, where the formation of the native state involves a conformational capture mechanism that alters the equilibrium populations of pre-existing RNA conformers without affecting the global architecture of the mRNA.
Although the exact nature of the interactions between the RNA and urea are still not entirely understood (44, 59) , acceleration of RNA folding by urea is emerging as a signature of kinetic traps as the rate-limiting step in large RNAs (47) . Among potential sources of kinetic traps in the add aptamer, the formation of anomalous P1-P2 helical stacking conformers and non-native nucleotide interactions within the aptamer core are obvious candidates. If the formation of these or other misfolded states constitutes a kinetic barrier, urea should accelerate folding. In contrast, k dock decreases with increasing urea concentrations at all concentrations of Mg 2+ ions and adenine ligand investigated, suggesting a trap-free ratelimiting step. In turn, a trap-free docking pathway additionally reinforces the transient-state previously reported by sm-FRET as an on-path partially folded intermediate structure (22, 60) . A model describing the observed ligand-induced switching in the rate-limiting step for docking is illustrated in Figure 8 . In the absence of ligand, the similar level of k dock deceleration observed across a 40-fold variation in the concentration of Mg 2+ ions (Figure 4c and Supplementary Figure S6) indicates a conformational search mechanism as the rate-limiting step for loop-loop docking (Figure 8 ). The molecular basis of the key tertiary contacts involved in the aptamer conformational search will be the subject of additional investigations. Nevertheless, given that the aptamer core has been shown to remain largely unstructured in the absence of ligand (16) (17) (18) (19) (20) (21) (22) , it is tempting to speculate that most likely, it will involve interactions between peripheral elements of the aptamer domain. In this context, the stability of the apical base pairs in helix P2 has been suggested to be crucial for the formation of a productive and stable loop-loop interaction (18, 28) . Indeed, a A30G/ U40C mutant of the pbuE adenine aptamer in which the weaker A:U interaction was replaced by the more stable G:C base pair showed the formation of the P2-P3 looploop interaction even in the absence of Mg 2+ ions (18) . A rate-limiting step based on the formation of specific tertiary contacts between two internal loops present in adjacent helical motifs has also been proposed for the minimal hairpin ribozyme (48) .These analogies suggest that productive encounters between peripheral folding elements and subsequent rearrangement of their secondary structure may be a widespread feature contributing to the folding free-energy barrier of other functional RNAs.
In the presence of adenine ligand, urea also decreases k dock . However, in contrast to what we observed for the ligand-free state, its deceleration effect on k dock is strongly sensitive to the concentration of Mg 2+ ions. This sensitivity in k dock suggests a different rate-limiting step for docking in which Mg 2+ ions are essential to achieve the ligand-bound native state (Figure 8 ). The molecular basis of such ligand-induced switching in the rate-limiting step can be justified based on the observation of productive ligand binding in partially unfolded aptamers or even in those with disrupted loop-loop interactions (19, 35) . We and others have shown that the ligand-bound state of adenine and guanine riboswitches adopts a single conformation at saturating concentrations of Mg 2+ ions (22.39) (>2 mM). However, when docking is compromised, e.g. at low concentrations of Mg 2+ ions, ligand binding may not be sufficient to dock the aptamer structure, leading to an array of coexisting and partially docked ligand-bound states that differ in local and global tertiary structure as recently suggested by stopped-flow (54), sm-FRET (22) and ultra-fast time-resolved spectroscopy (36, 37) . In this context, funneling this ensemble of stiff-liganded states towards a tightly packed mRNA-ligand complex, resembling the X-ray structure (20) , may require assistance from specifically trapped divalent metal ions along the docking pathway. Indeed, the crystal structure of the liganded add aptamer domain shows up to five Mg 2+ ions, two of them placed near the binding pocket (20) . Based on this, we reasoned that a transition state involving the formation of one or more Mg 2+ ion-binding sites may reflect the need to counteract the increase in negative charge density owing to backbone phosphate oxygens brought in close proximity ($3.6 Å ) around the bound ligand (20) . In fact, a recent thermodynamic investigation on the effect of Mg 2+ on the add free energy folding landscape also suggested that Mg 2+ binding to undocked loops strongly decreases the energetic cost involved in reorganizing the binding pocket to accommodate the ligand (19) . The importance of two pentahydrated Mg 2+ ions anchoring the junction proximal ends of helices P2 and P3 for ligand recognition has also been suggested by molecular dynamics simulations (21) .
A ligand-induced switching on the rate-liming step sheds new light into how the formation of the mRNAligand complex drives the sensor domain towards the ligand-bound native state. Taken together, our data are fully consistent with an 'induced-fit' folding model (Figure 8) . However, the extent of the conformational rearrangements taking place depends on whether the ligand associates to a fully folded docked state (D LF ) or to partially folded aptamers (UD). In the first scenario, at saturating Mg 2+ ions, changes leading to the D LB state are locally restricted to the aptamer core (local or predetermined induced fit). On the other hand, at subsaturating Mg 2+ ions, compaction of the RNA around the bound ligand to form the D LB complex is mediated by specifically trapped Mg 2+ ions and involves the formation of long-range tertiary contacts in addition to the local network of interactions that stabilize the aptamer core (global induced-fit). Although further investigations are needed to determine which and how many of the Mg 2+ ions present in the high resolution structure may actively participate in docking and ligand binding, our work provide evidences for a strong link between metabolite sensing, localized Mg 2+ binding and tertiary folding that may be common to other mRNA-ligand regulatory complexes for which the X-ray structure has shown the presence of specifically bound divalent metal ions (61, 62 
